The level of degeneration (LOD) in the human intervertebral disc (IVD) could determine the choice of patient treatment strategy, thus there is a need for methods applicable at a point of care that enable quick medical decisions. In this paper, infrared light absorption, FT-Raman scattering and fluorescence spectroscopy were used to analyse the same specimens from different groups of IVD samples.
Introduction
The intervertebral disc (IVD) is a part of the human vertebral column in the spine. More specifically, it is the fibrocartilage that lies between each adjacent bone called spinal vertebra. IVD degeneration is a universally prevalent aging-related pathologic process. If the level of degeneration (LOD) increases, IVD changes in morphology and becomes more and more disorganized. Unfortunately, similar changes occur while the age of a person increases. At early stages of degeneration, nucleus pulposus (NP), an inner gel-like central part of IVD, loses the ability to attract water. At later stages, collagen and elastin fibre remodelling takes place, proteoglycan and chondroitin sulfate amounts diminish, causing anatomical changes in both NP and annulus fibrosus (AF), the fibrous ring of IVD. Gross anatomical changes inside IVD and in adjacent vertebrae also occur. However, for some patients, the degeneration of IVD causes low back pain (LBP). Older age of a patient is associated with an increased incidence of degenerative changes. It is difficult to differentiate between the changes that occur solely due to aging from those that might be considered 'pathological' [1] . There are many causes of LBP, and it is believed that degenerative disc disease is one of the most prevalent causes of LBP. Degenerated IVD is a common finding in magnetic resonance imaging (MRI) and X-ray (radiographs) scans. Different grading systems have been proposed for research and clinical purposes.
There are several systems for degeneration grading that continue to be developed and used [2, 3] , but there is a consensus that, among MRI grading systems, the system described by Pfirrmann et al. [4] should be considered as the gold standard. It was found that the signal loss of the disc on T2 (spin-spin relaxation)-weighted MRIs correlates with the progressive degenerative changes of IVD, and a grading system was proposed for the assessment of lumbar disc degeneration in the form of a simple algorithm using the contemporary MRI technique.
However, rather than quantifying disc degeneration, these measurements are often fused with subjective clinical symptoms to impose treatment decisions [2] . The major limitation of spinal imaging is a weak correlation between imaging findings and clinical symptoms [5, 6] . Instead of revealing an apparent source of pain, such as a painful degenerated disc or inflamed facet joint, imaging results reveal common degenerative changes concordant to age [2, 7, 8] . Despite the limitations of MRI-based systems, they remain the predominant and most sensitive tools for the diagnostics of IVD degeneration [2, 3] .
Imaging techniques can provide one with a limited amount of information about IVD degeneration on the tissue level. Due to this drawback, an open surgical disc biopsy of disc samples is needed. The disc material could be then investigated histologically and immunohistochemically. Unfortunately, those methods take time, are invasive, expensive, and do not reveal the actual cause of pain. There remains a need for a straight, objective, minimally invasive diagnostic test for discogenic LBP.
Percutaneous laser disc decompression (PLDD) is one of the so-called 'minimally invasive' treatment modalities for contained lumbar disc herniation. The treatment is performed percutaneously, so morbidity is expected to be lower and the convalescence period is postulated to be shorter than for conventional surgery. Because of the minimally invasive nature and the fact that return to work is usually possible within a few days after treatment, PLDD appears to be an interesting alternative to conventional surgery; however, still there is considerable skepticism about PLDD. Opponents usually dismiss PLDD as being an experimental treatment with unproven efficacy, whereas those advocating the use of PLDD tend to present it as some miracle treatment [9] .
In PLDD, this mechanism is exploited by application of laser energy to evaporate water in the NP. A laser fibre delivers laser energy through a hollow needle placed into the NP. Apart from evaporation of water, the increase in temperature also causes protein denaturation and subsequent renaturation. This causes a structural change of the NP, limiting its capability to attract water and therefore leading to a permanent reduction of intradiscal pressure by ≤57% [9] .
'Optical biopsy' is a somewhat novel method that uses spectroscopy at selected wavelengths to diagnose the disease, and the focus has been on diseases such as cancer and atherosclerosis without removing tissue from the body [10] . These measurements provide a possibility to analyse a contribution of the main native molecules in tissues and to reveal differences between malignant and normal tissues due to morphological and molecular changes in various tissues. The primary optical methods for recognition of molecules are infrared (IR) absorption, Raman scattering, luminescence and backscattering reflectance (including time-resolved) spectroscopies, as well as imaging. Different approaches are used to select types of devices for clinical trials, from the point of monitoring [11] to hyperspectral imaging [12] .
'Optical biopsy' may be a suitable class of methods to either determine the LOD of IVD or other medical condition. The procedure of either pathological or even painful IVD examination could be performed through an optical fibre and a hollow needle that is used for PLDD without removing any tissue from the body either before the PLDD procedure or during open surgery in the point of care. Several different spectroscopic methods of tissue analysis are under development. The autofluorescence phenomenon allows differentiating between traumatized and degenerated disc tissue intraoperatively, and in some cases, it also allows differentiating between the bone and collagen endplate in cervical disc surgery [13] , the fluorescence spectroscopy demonstrated a possibility to analyse the LOD [14] . It is well known that Raman scattering and IR absorption spectra allow tracking biochemical changes in the tissue.
Raman spectroscopy provides spectral information based on the vibrational and rotational modes of molecular species in the tissue. It leverages the inelastic scattering of incident near-infrared laser light to enable the noninvasive in vivo analysis of tissue and allows not only the identification of different molecular species but also the determination of their relative concentration [15] .
The primary purpose of this paper is to analyse the possibilities of fluorescence, Fourier-transform infrared (FT-IR) absorption and Fourier transform Raman (FT-Raman) scattering spectroscopies for IVD pathology detection. Also, for the first time a promissing possibility was found to recognize the LOD by fluorescence spectra in human IVD material. The findings create a background for the design of equipment and the design of experiment of more advanced clinical trials.
Methods
The investigation was performed in accordance with the requirements of biomedical ethics.
Specimens
MRI scans of preoperative patients were obtained and used to evaluate the LOD according to the Pfirrmann et al. [4] disc degeneration classification system. Personal information of patients such as age and gender was obtained as well. Native disc specimens were removed during an open lumbar disc surgery procedure, frozen to -20°C and cut into 20-μm-thick slices using a cryo-microtome. Medically the localization of specimens is denoted as L2-3 through to L5-S1 in the lumbar section. Slices of specimens were placed on the calcium fluoride (CaF 2 ) substrate for FT-IR, FT-Raman scattering, and fluorescence spectroscopies. The measurements were performed within 48 h after removal.
A total of 37 patients were included in the study: 27 (73.0%) women and 10 (27.0%) men. Luminescence spectra were registered through a fibre-based optical system. The pulsed 355 nm ultraviolet radiation (3rd harmonic of Nd:YAG laser, pulse duration 0.5 ns, repetition rate 10 kHz) of a microlaser STA-01-TH (Standa Ltd., Vilnius, Lithuania) was used to excite fluorescence. A USB2000 spectrometer (Ocean Optics Ltd., Dunedin, FL 34698, USA) registered the signal in the range from 340 to 1000 nm. Autofluorescence spectra were registered from up to 10 points per one specimen.
Computer programs OPUS 6.5 (Bruker Optik GmbH, Ettlingen, Germany), OriginPro 8 (OriginLabs Corporation, Northampton, USA) and R (R Foundation for Statistical Computing, Vien na, Austria) [16] were used to process and analyse the data.
FT-IR and FT-Raman data analysis
A curve fitting procedure with several Gaussian curves (multi-Gaussian fit model) was applied to describe bands in FT-Raman scattering and FT-IR absorption spectra formally. Three parameters can fully describe each Gaussian curve: the position of curve center xc, the full width at half maximum (FWHM) w and the area under the Gaussian curve A. Positions of the components were analysed to identify possible materials and chemical bonds that contributed to the spectra of the signals. The analysis of the ratios of areas under several Gaussian components (area ratio analysis) was performed to investigate if there were relations between shapes of spectra and various patient and medical condition-related features.
Autofluorescence data analysis
The fluorescence spectra were preprocessed in several steps. First, the relative intensities of each registered spectrum were corrected by the spectrum of optical system sensitivity. This spectrum was obtained by a calibrated Bentham light source with a current stabilized power supply Bentham 607 (Bentham Instruments Ltd., Berkshire, United Kingdom). Second, the mean value of spectra at 750~800 nm was calculated as an offset of the y axis, and this offset was removed. Third, the spectra were smoothed by a combination of two filters: a Savitzky-Golay filter (the order of the polynomial is 9, and the length of the filter is 35 points) and a median filter (the length of the filter is 9 points) as well as binning and averaging every 10 points on the wavelength axis. Fourth, as the comparison of absolute intensities was impossible due to the transforms of samples during the drying procedure, the spectra were normalized to the intensity at a chosen wavelength. A specific operation was performed to find the optimal normalization wavelength. All possible normalization wavelengths were tried, and the highest values of a classification performance measure called balanced accuracy (BA) were calculated in four spectral ranges (370-400, 400-500, 500-600, 600-700 nm). The dependence of the maximum BA value in each range on a specific normalization wavelength is plotted in Fig. 2 . Normalization points at 386 and 548 nm were chosen as the most appropriate ones. Fifth, the spectral range between 370 and 700 nm was selected for further analysis: the range below 370 nm was distorted by an optical laser-cut filter and the range above 700 nm had a low intensity which is almost equal to zero. Lastly, in addition to fluorescence intensity spectra, a dataset of the first-order gapsegment derivatives [17] for each spectrum (dΙ/dλ) was obtained and used in the analysis.
The pre-processed autofluorescence signals were compared to medical and patient-related information at each wavelength separately (EWS). The receiver operating characteristic (ROC) analysis was used to compare the data groups at EWS. The mean of discrimination sensitivity and specificity (also known as balanced accuracy, BA) was used as a classification performance measure [18, 19] . Fig. 1 . The approximation of a spectroscopic signal with a model of four Gaussian components in a few samples representing different levels of degeneration (LOD). The parameters of the Gaussian components and the characteristics of the samples are given in Table 1 . Several grouping features (LOD, gender and age groups) were used. At first, only the LOD was used. Next, the dataset was split into four subsets according to age and gender groups. The analysis was repeated in each subset at EWS.
All presented results in the tables were statistically significant, the p-value for all data was less than 0.05.
Results
During the period of investigation, 37 specimens were obtained. A dataset based on these samples contained medical information (such as patient's age, gender and LOD) as well as spectroscopic information (FT-IR absorption, FT-Raman scattering and autofluorescence spectra).
FT-IR spectra
Various types of spectra and a set of spectroscopic features are demonstrated in Fig. 3 .
In the FT-IR absorption spectra, the wellknown spectral lines [20, 21] band with a band at 1400 cm -1 . Chondroitin sulfate might contribute to the 1240 cm -1 band. As the degeneration and aging of discs are associated with the O-H related bonds (3200-3640 cm -1 ), the analysis of 3080-3640 cm -1 range showed it was composed of amide A (N-H stretching vibration at 3225 and 3280 cm -1 and C-H stretching vibration at 2780-2984 cm -1 ). The spectra of IVD samples did not show any spectral shape dependence on the LOD. As the process of degeneration is known to be related to the loss of water (and O-H related components) in the discs [22] , the analysis of the 3080-3640 cm -1 spectral range was performed in more detail. All spectra were decomposed into four Gaussian components with the central values at approximately 3083 (C-H stretch), 3182, 3293 and 3456 cm -1 . The bands at 3182 and 3293 cm -1 involve the contribution of amide A, and the band at 3456 cm -1 is related to O-H bonds.
The area ratio analysis revealed the scattering of the values that are illustrated in Fig. 4(a) , and it introduced a necessity to analyse how these 
ratios depend on age. It confirmed that aging is an important factor [2, 7, 8] (Fig. 4(b) ) and that both the age and the increase in LOD decreased the contribution of O-H related components. If the age component was taken into account (Fig. 4(c) ), the decline in O-H related bonds would be found in samples with higher LOD. Figure 1 and Table 1 demonstrate the similarity of the Gaussian components measurement in a few samples. It was found that in other samples the area ratios of O-H related and other components differed up to 50%. It means that O-H related bonds depend not only on age and LOD but also on other processes in the spine.
FT-Raman spectra
Various types of spectra and a set of spectroscopic features are shown in Fig. 5 . In this work, the authors used two spectra normalization meth ods. Spectra normalized at 1662 cm -1 to reveal the changes corresponded to amide I, and to scattering by the substrate CaF 2 to compare the absolute scattering intensity values. The spectra of samples in each group were somewhat different, and the intensities of various bands were scattered without any evident relation to the LOD.
The FT-Raman scattering spectra (Fig. 5 ) demonstrated a few well-expressed bands. The bands at 2700-3300 cm -1 are related to C-H stretch responses [23] , and the prominent C-H stretching bands in the range of 2870-2975 cm -1 , most likely originating from the -CH 3 , >CH 2 , and C-H functional groups in amino acid side chains of proteins, lipids and carbohydrates, and the components strongly overlap. The band at 2707 cm -1 could be related to the C-H stretched bonds in biomembrane lipids [20, 24, 25] , and as it did not overlap with other bands, the behaviour of its intensity in different degeneration samples was analysed and presented in Fig. 6 . In the 1200-1800 cm -1 region, the amide I and amide III bands of proteins give rise to a weak band around 1662 cm -1 , and the dependence of this band on the sample tissue LOD is presented in Fig. 6 . Bands in the 1050-1150 cm -1 region with the main bands at 1056, 1091 and 1118 cm -1 , on the one hand, could be attributed to the biological membranes of IVD cells. Biological membranes are heterogeneous assemblies composed of various phospholipids differing in their chemical structure. According to this fact, phosphatidylethanolamine (PE) contains fatty acids with more unsaturated carbon chains than phosphatidylcholine (PC). At the lower wavenumber range of PC and PE spectra, the C-C stretching mode appears as the broadband centred at approximately 1090 cm -1 [26] . In agreement with the literature, in the spectrum of PC, this band is composed of two counterparts at 1062 and 1090 cm -1 and the shoulder at 1125 cm -1 [27] . In our samples, the wavenumber values of these bands in different spectra are scattered within a range of 5 cm
The results of analysis of the band intensity dependence on the patient age and the tissue LOD were not satisfactory except two cases. A well-expressed band was found at 2707 cm -1 , and the intensity of this band tended to depend on the LOD (Fig. 6(a, b) ) together with the behaviour of the amide I (1662 cm -1 ) band. The dependence of intensity of both bands on the patient age is presented in Fig. 7 . In this case, the scattering intensities were compared. Therefore the spectra were normalized to the intensity of the CaF 2 band. 
Fluorescence spectra
The analysis of the fluorescence spectra (Fig. 8) was performed by dividing the spectra into groups corresponding to the LOD. Differences in the spectra belonging to samples of different LOD were not explicitly expressed as spectra characterized by a high variance, which maybe resulted from additional factors such as gender and age. Based on this assumption, the spectra were divided into age/ gender groups and analysed again. The averages of spectra intensity at EWS within various groups of age and gender are presented in Fig. 9 . The averages of spectra in the subsets defined by an age group (above/below 40 years old), gender (man/woman) and LOD (3, 4, 5) . The spectra are normalized at 548 nm.
It was possible to find out that the main differences between the groups of spectra were in the 380-450 nm range that corresponds to the elastin and collagen fluorescence region, but Table 2 . The best balanced accuracy (BA) values comparing each pair of groups that combine various features: age groups (e.g. '>40' means above 40 years old), gender (man/woman) and the level of IVD degeneration, LOD ('3' stands for 3rd LOD, '4' is 4th LOD, '4_5' is 4th and 5th levels treated as one group). The '@' symbol and the following number point out the wavelength at which the indicated BA value is received. The last column indicates the number of the samples used in the study. The spectra are normalized at 386 nm. The compared spectroscopic feature is the intensities of pre-processed spectra.
Compared groups
The wavelength (λ) range of fluorescence spectra Number of samples 370-400 nm 400-500 nm 500-600 nm a quantitative measurement of their contribution was impossible due to the plausible contribution of additional fluorophores. Therefore, the analysis of different LODs identification based on spectroscopic signals was performed, and the age factor was also taken into account. It was found that the BA values for all groups mentioned above were higher than 0.75 (minimum requirement for medical application). In Fig. 10 the dependence of the BA values on the wavelength by comparing fluorescence intensities normalized at 548 nm is presented and the derivatives of those intensities are analysed. The classification performance comparing the 3rd and the higher LOD by fluorescence emis- Fig. 10 . The dependence of the balanced accuracy (BA) value on the wavelength of the fluorescence signal. The intensities were normalized at 548 nm (a) and the derivatives of those intensities (b) were analysed. sion intensity in the group of women younger than 40 years at 372 nm was BA = 0.82. The comparison of derivatives at 408 nm of the same groups resulted in BA = 0.79. BA = 0.77 was achieved comparing derivatives at 394 nm for women older than 40 years. Comparing the same LOD groups in men older than 40 years by spectra intensity in the 372-394 nm range the classification performance was BA = 0.87-0.88, and comparing by the derivatives at 423 nm the result was BA = 0.84.
The best classification results based on the spectra normalized at 386 nm are given in Tables 2 and 3 . High enough values of BA were achieved for women older than 40 years, but not for the younger ones.
BA value BA value Table 3 . The best BA values comparing each pair of groups that combine various features: age groups (e.g. '>40' means above 40 years old), gender (man/woman) and the level of intervertebral disc degeneration, LOD ('3' stands for 3rd LOD, '4' is 4th LOD, '4_5' is 4th and 5th levels treated as one group). The '@' symbol and the following number point out the wavelength at which the indicated BA value is received. The last column indicates the number of the samples used in the study. The derivative spectra are normalized at 386 nm. The compared spectroscopic feature is the derivatives of pre-processed spectra intensities.
The wavelength (λ) range of spectra derivatives 370-400 nm 400-500 nm 500-600 nm The best BA @λ, 
Discussion
It was found that PLDD may provide a noticeable relief in appropriately selected patients with IVD herniations. Therefore methods for recognizing the changes in the IVD are essential for the optimization of treatment. Photodiagnostic investigation of the disc material performed directly before treatment could give additional information on the status of IVD degeneration, and influence decision parameters related to a minimally invasive treatment. The light absorption in the IR region demonstrated a broad absorption band in the 3200-3500 cm -1 range. This spectral region overlaps with the Erbium:YAG laser emission wavelength of 2940 nm (or 3401.36 cm -1 ). It could indicate the possibility to use this type of laser for the PLDD treatment. This theory is in agreement with the results of Choy, a PLDD developer who claimed that the most efficient laser regarding energy absorption by water is the Erbium:YAG laser [28] . Moreover, the analysis of the structure of this band also indicated the decrease of the contribution of O-H related components with the increase in the age of the patient and the LOD.
The response related to chemical bonds (Raman scattering) demonstrated that only the component at 2707 cm -1 was related to the LOD, other components were not directly related to the LOD. The evident variability of the spectral components amplitude could also be related to other pathologies that exist in the lumbar discs, e.g. Modic changes [29] , as well as to the overlap of spectral components discussed above. The later origin of data variability could probably be avoided if a higher spectral resolution would be used, but the application of such devices for diagnosis application would be problematic. The analysis of the IR absorption confirmed a well-known effect of drying as discs with an increased age of the patient and increased LOD lose O-H related compounds. The analysis of Raman scattering data revealed the existence of a particular threshold of female age when the amplitudes of the same components change depending on age. The dependence of the component at 1662 and 2707 cm -1 on age was analysed. The component at 1662 cm -1 could be related to amide I and represent the C=O stretching and to a small amount of out-of-phase C-N stretching and the component at 2707 cm -1 is proposed to be related to lipids [23, 30] . The threshold in the range of women at 40-50 years is observed (Fig. 7a) , and it is probably related to hormonal change. This result confirms the earlier data that the transforms of amide I include an amyloid formation that causes the amide I band structure to change [31] , and more amyloid was observed in the patient over 50 years [32] . The component at 2707 cm -1 showed a better relation to the LOD, as the dependences on LOD were similar to both genders. The differences of the 1662 cm -1 band are probably related to the overlap of a few components. An example of the structure of the 1662 cm -1 band in our sample is presented in Fig. 11 .
In different samples, the fluorescence spectra were also different, and the recognition of LOD with satisfactory BA was achieved. The data variability not related to the pathology may occur as the luminescence spectrum of tissue is composed of highly overlapping contributions of at least several fluorophores. The main fluorophores such as elastin and collagens emit fluorescence when they are excited by 355 nm light [14, 33] . A fluorescence spectrum would change if any changes in the collagen structure or type happened. The maximum of fluorescence intensity is found at 370 nm in collagen IV, at 395 nm in collagen I and V, at 411 nm in collagen II, at 430 nm in collagen VII, and at 426 nm in elastin. Collagen IV has an emission band at 420 nm as well, and collagen I emits a few more bands at 370, 425, 603 and 660 nm [33] . Other fluorophores that fluoresce in the same spectral range are also known, e.g. free and bound NADH (bands at 440 and 460 nm), and flavins (band at 525 nm) [13, 33, 34] . The change in the contribution of a few fluorophores could cause a modification in the shape of the whole fluorescence spectrum of tissue. The input of the fluorophores depends on the tissue composition. It is worth mentioning that the derivative (dΙ/dλ) provides one with the information about wavelength-wise change in the intensity of fluorescence thus the derivative of the fluorescence spectrum contains information about a change in the contribution of neighbouring fluorophores.
The results of the fluorescence signal analysis permitted recommending this method for LOD diagnostics. The wavelength, at which the optimum classification performance was achieved, can be related either to the contribution of the fluorophore if the fluorescence intensity was analysed, or to the change in the input of adjacent components if the derivatives of the spectrum were compared. It was impossible to quantify the change in the emission of each tissue fluorophore due to the overlap of contributions of different fluorophores, but it was possible to give qualitative proposals.
As observed, the classification performance to identify LOD depends differently on the age of men and women. Therefore the evaluation of the LOD has to follow the groups presented in Tables 2 and  3 . The presented values of BA show the spectral regions where differences between pathologies exist, and the diagnostic decision can be made by comparing either the pre-processed fluorescence intensity or derivatives of that intensity following the recommendation in Tables2 and 3. The decision on the LOD of the sample corresponds to this value of the intensity (or derivative). In the ROC analysis, the cut-off value for the group discrimination and the average values of the fluorescence intensity in each pathology group were calculated. If the calculated value for a new patient gets on the side (determined by the cut-off) that is closer to the average value of the chosen group, the patient is assigned to this group with the declared BA value. The differences in the values that exceeded the typical (5%) experimental data error were highlighted in bold in Tables 2 and 3 . An example of the comparison of these values is presented in Fig. 12 . The average of the preprocessed intensity values and the 'cut-off ' values for all letters pointed out in bold in Tables 2and 3 are presented in Tables 4 and 5 . Table 5 . The average values of derivative ratios and 'cut-offs' that are indicated as bold letters in Table 3 and Fig. 9(b The age and the LOD dependent changes are mainly related to the structure of collagen. However, collagen and elastin (the main fluorophores in the disc) emit fluorescence bands that highly overlap. Therefore it was not possible to follow the changes in the disc by the fluorescence spectra, but it was possible to recognize the disc LOD that is essential for medical practice.
Conclusions
The results based on fluorescence spectra reveal subtle LOD-dependent biochemical changes taking place in human IVD material. These changes cannot be tracked by current diagnostic modalities (MRI) and can be revealed only if gender and age of patients are taken into account. The findings create a background for the design of equipment and the design of experiment of more advanced clinical trials.
FT-IR absorption and Raman scattering spectra demonstrated the age dependences of a few components. The Raman peak at 2707 cm -1 seems promising for recognition of lumbar IVD LOD, but a higher number of specimens is necessary. Optical diagnostics shows the capability to discriminate aging versus degeneration processes in both genders.
